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ABSTRACT
We investigate, for the first time at z∼3, the clustering properties of 189 Type 1 and 157 Type 2
X-ray active galactic nuclei (AGN) of moderate luminosity (〈Lbol〉 = 10
45.3 erg s−1), with photometric
or spectroscopic redshifts in the range 2.2<z<6.8. These samples are based on Chandra and XMM-
Newton data in COSMOS. We find that Type 1 and Type 2 COSMOS AGN at z∼3 inhabit DMHs
with typical mass of logMh = 12.84
+0.10
−0.11 and 11.73
+0.39
−0.45 h
−1M⊙, respectively. This result requires a
drop in the halo masses of Type 1 and 2 COSMOS AGN at z∼3 compared to z.2 XMM COSMOS
AGN with similar luminosities. Additionally, we infer that unobscured COSMOS AGN at z∼3 reside
in 10 times more massive halos compared to obscured COSMOS AGN, at 2.6σ level. This result
extends to z∼3 that found in COSMOS at z.2, and rules out the picture in which obscuration is
purely an orientation effect. A model which assumes that the AGN activity is triggered by major
mergers is quite successful in predicting both the low halo mass of COSMOS AGN and the typical
mass of luminous SDSS quasars at z ∼ 3, with the latter inhabiting more massive halos respect to
moderate luminosity AGN. Alternatively we can argue, at least for Type 1 COSMOS AGN, that they
are possibly representative of an early phase of fast (i.e. Eddington limited) BH growth induced by
cosmic cold flows or disk instabilities. Given the moderate luminosity, these new fast growing BHs have
masses of ∼ 107−8 M⊙ at z∼3 which might evolve into ∼ 10
8.5−9 M⊙ mass BHs at z=0. Following our
clustering measurements, we argue that this fast BH growth at z∼3 in AGN with moderate luminosity
occurs in DMHs with typical mass of ∼ 6×1012 h−1M⊙.
Subject headings: Surveys - Galaxies: active - X-rays: general - Cosmology: Large-scale structure of
Universe - Dark Matter
1. INTRODUCTION
The connection between black holes (BHs) and their
host dark matter halos (DMHs) has been mainly stud-
ied via clustering measurements of active galactic nuclei
(AGN). Under an assumed cosmology, the AGN bias (i.e.
the square root of the relative amplitude of AGN clus-
tering to that of dark matter, e.g., Kaiser 1984) can be
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inferred and linked to the typical mass of AGN hosting
DMHs (e.g., Jing 1998; Sheth & Tormen 1999, Sheth et
al. 2001, Tinker et al. 2005, 2010). This provides infor-
mation about galaxy/AGN co-evolution and the mecha-
nisms that trigger the AGN activity.
The clustering properties of thousands of broad-line
luminous quasars with typical Lbol & 10
46 erg s−1, have
been studied in different large area optical surveys, such
as 2QZ (e.g. Croom et al. 2005; da Angela et al. 2005;
Porciani & Norberg 2006), SDSS (e.g., Shen et al. 2009;
Ross et al. 2009) and 2SLAQ (Croom et al. 2009; da
Angela et al. 2008). All these studies suggest the com-
mon picture that luminous optically selected quasars are
hosted by halos of roughly constant mass, a few times
1012 M⊙ h
−1, out to z∼3-4. This lack of variation in
halo mass implies that the bias factor is an increasing
function of redshift, since the DM is more weakly clus-
tered earlier in cosmic time.
In addition, quasar clustering measurements have also
facilitated several theoretical investigations on the cos-
mic evolution of BHs within the hierarchical structure
formation paradigm (e.g., Hopkins et al. 2007; Shankar
et al. 2008a, 2008b; White et al. 2008; Croton 2008;
Wyithe & Loeb 2008). Interestingly, models of major
mergers between gas-rich galaxies appear to naturally
produce the evolution of the quasar large-scale bias as a
function of luminosity and redshift (Hopkins et al. 2007,
2008; Shen 2009; Shankar et al. 2009, 2010; Bonoli et al.
2009). This supports the scenario in which major merg-
ers dominate the luminous quasar population (Scanna-
pieco et al. 2004, Shankar 2010, Neistein & Netzer 2013,
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Treister et al. 2012).
X-ray detection is generally recognized as a more ro-
bust way to obtain a uniformly selected AGN sample
with lower luminosities (Lbol ∼ 10
44−46 erg s−1) and
with a significant fraction of obscured sources with re-
spect to optical surveys. This means that while deep X-
ray AGN samples are from square-degree area surveys,
sampling moderate luminosity AGN, optical quasars are
from thousands of square degree surveys, sampling rare
and high luminosity AGN events. Thanks to Chandra
and XMM-Newton surveys, large samples of X-ray AGN
are available and clustering measurements of moderate
luminosity AGN are now possible with a precision com-
parable to that achievable with quasar redshift surveys.
Measurements of the spatial clustering of X-ray AGN
show that they are located in galaxy group-sized DMHs
with logMh = 13-13.5 h
−1M⊙ at low (∼0.1) and high (∼
1-2) redshift (e.g. Hickox et al. 2009, Cappelluti et al.
2010, Allevato et al. 2011, Krumpe et al. 2010, 2012,
Mountrichas et al. 2012, Koutoulidis et al. 2013).
The fact that DMH masses of this class of moderate
luminosity AGN are estimated to be, on average, 5-10
times larger than those of luminous quasars, has been
interpreted as evidence against cold gas accretion via ma-
jor mergers in those systems (e.g. Allevato et al. 2011;
Mountrichas & Georgakakis 2012). Additionally, it has
been explained as support for multiple modes of BH ac-
cretion (cold versus hot accretion mode, e.g. Fanidakis
et al. 2013). However, this difference, which may not be
present at z<0.7 (Krumpe et al. 2012) does not yet have
a good explanation.
On the other hand, several works on the morphology
of the AGN host galaxies suggest that, even at moderate
luminosities, a large fraction of AGN is not associated
with morphologically disturbed galaxies. This trend has
been observed both at low (z∼1, e.g. Georgakakis et
al. 2009, Cisternas et al. 2011) and high (z∼2, e.g.
Schawinski et al. 2011, Rosario et al. 2011, Kocevski et
al. 2012) redshift.
Despite the power of clustering measurements in un-
derstanding AGN population, little is known about the
clustering of obscured AGN. These sources, based on the
results from deep X-ray surveys (e.g. Brandt & Hasinger
2005; Tozzi et al. 2006) and X-ray background synthe-
sis models (e.g. Civano et al. 2005, Gilli et al. 2007),
are the most abundant AGN population in the Universe.
Additionally, they are expected to dominate the history
of accretion onto SMBHs (e.g. Fabian & Iwasawa 1999).
A basic prediction of orientation-driven AGN unification
models is that the clustering strength should be simi-
lar for obscured (narrow-line or Type 2) and unobscured
(broad-line or Type 1) AGN. By contrast, in the AGN
evolutionary scenario, obscured quasars may represent
an early evolutionary phase after a major merger event,
when the growing BHs can not produce a high enough
accretion luminosity to expel the surrounding material
(e.g., Hopkins et al. 2008; King 2010). Following this ar-
gument, the luminous quasar phase might probably cor-
respond to the end of an obscured phase. On the other
hand, if the AGN activity is triggered by sporadic gas
inflow, not by major mergers, then obscured and unob-
scured AGN might be two stages that may occur several
times along the galaxy lifetime. The different durations
of these two stages and their relation to the environment
may produce different clustering properties between ob-
scured and unobscured AGN (Hickox et al. 2011).
Some studies of optically selected quasars confirm that
low-redshift narrow-line AGN are not strongly clustered
and are hosted in galaxies that do not differ significantly
from typical non-AGN galaxies (e.g., Wake et al. 2004,
Magliocchetti et al. 2004, Mandelbaum et al. 2009; Li et
al. 2006). Hickox et al. (2011), analysing a sample of 806
Spitzer mid-IR-selected quasars at 0.7 < z < 1.8 in the
Bootes field, find marginal (< 2σ) evidence that obscured
quasars have a larger bias and populate more massive
DMHs than unobscured quasars. Recently, Donoso et
al. (2013) using mid-IR-WISE selected AGN candidates
at z∼1.1, infer that red AGN (i.e obscured sources) are
hosted by massive DMHs of logMh ∼ 13.5 h
−1M⊙. This
value is well above the halo mass of logMh ∼ 12.4 h
−1M⊙
that harbour blue AGN (unobscured sources).
On the contrary, Krumpe et al. (2012) find no signifi-
cant difference in the clustering of X-ray narrow-line and
broad-line RASS AGN at 0.07<z<0.5. A larger cluster-
ing amplitude for Type 1 with respect to Type 2 AGN,
has been observed in the Swift- BAT all sky survey at
z∼0 (Cappelluti et al. 2010). The redshift evolution of
the bias of moderate luminosity X-ray AGN have been
investigated in Allevato et al. (2011) by using XMM
COSMOS data. They find that the bias increases with
redshift tracing a constant halo mass typical of galaxy
groups (∼ 1013 h−1M⊙) up to z∼2. Additionally, their
results indicate that obscured XMM COSMOS AGN in-
habit slightly (2.3σ) less massive halos than unobscured
sources.
The clustering of AGN at z > 2 is still poorly investi-
gated. At high redshifts galaxies and AGN are thought
to form in rare peaks of the density field and then to be
strongly biased relative to the DM (Kaiser 1984; Bardeen
et al. 1986). The clustering of z > 2.9 SDSS quasars
(Shen et al. 2007, 2009) indicates (with large uncertain-
ties on the bias) that luminous quasars reside in mas-
sive halos with mass few times 1013 h−1M⊙. Following
Shankar et al. (2010), these clustering measurements
require a high duty cycle (i.e. the probability for an
AGN of being active at a given time) for massive BHs
(> 109M⊙) in luminous quasars (Lbol > 10
46 erg s−1).
The clustering signal measured by Shen et al. (2009) at
z=3.2 has also been interpreted with the halo occupation
distribution (HOD) by Richardson et al. (2012). Given
the large uncertainty of the signal at z=3.2, especially
at small scales, they only infer the mass of central halos
hosting quasars (Mcen=14.1
+5.8
−6.9 ×10
12 h−1M⊙).
The clustering of moderate luminosity X-ray AGN at
z > 2 is indeed largely unexplored. The only attempt
of measuring the clustering properties of X-ray AGN at
z=3 is presented in Francke et al. (2008). They estimate
the correlation function of a small sample of X-ray AGN
with Lbol ∼ 10
44.8 erg s−1, in the Extended Chandra
Deep Field South (ECDFS). They find indications that
X-ray ECDFS AGN reside in DMHs with minimum mass
of logMmin = 12.6
+0.5
−0.8 h
−1 M⊙. Unfortunately, because
of the small number of sources, the bias factor has a very
large uncertainty.
In this paper we use a larger sample of X-ray selected
AGN with Lbol ∼ 10
45.3 erg s−1, based on Chandra and
XMM-Newton data in the COSMOS field, at 2.2<z<6.8.
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The purpose is to measure the clustering amplitude and
the typical hosting halo mass of moderate luminosity
AGN at z ∼ 3. Additionally, we focus on the mea-
surements of the large-scale bias of Type 1 and Type
2 COSMOS AGN at z > 2.2. This redshift range has
never been explored before for the clustering of moderate
luminosity obscured and unobscured sources. Through-
out the paper, all distances are measured in comoving
coordinates and are given in units of Mpc h−1, where
h = H0/100km/s. We use a ΛCDM cosmology with
ΩM = 0.3, ΩΛ = 0.7, Ωb = 0.045, σ8 = 0.8. The symbol
log signifies a base-10 logarithm.
2. AGN CATALOG
The Cosmic Evolution Survey (COSMOS, Scoville et
al. 2007) is a panchromatic photometric and spectro-
scopic survey of 2 deg2 of the equatorial sky, observed by
the most advanced astronomical facilities, with imaging
data from X-ray to radio. The inner part of the COS-
MOS field (∼ 0.92 deg2) has been imaged for a total of
1.8 Ms by Chandra, while XMM-Newton surveyed 2.13
deg2, for a total of ∼ 1.55 Ms. Large samples of point-like
X-ray sources detected in the 0.5-10 keV energy band,
are presented in the Chandra-COSMOS (C-COSMOS)
point-like source catalog (1761 objects; Elvis et al 2009,
Civano et al. 2012) and in the XMM COSMOS multi-
wavelength catalog (1822 objects; Cappelluti et al. 2009,
Brusa et al. 2010). Of the 1822 XMM COSMOS sources,
945 have been detected by Chandra. Extensive spec-
troscopic campaigns have been carried out in the field,
providing a total of 890 and 1069 unique, good qual-
ity spectroscopic redshifts (spec-zs) for XMM COSMOS
and C-COSMOS sources, respectively. In addition, pho-
tometric redshifts (phot-zs) for all the XMM COSMOS
sources and for ∼96% of the C-COSMOS sources have
been obtained exploiting the COSMOS multiwavelength
database and are presented in Salvato et al. (2009, 2011).
The prime interest of this paper is to investigate the
clustering properties of X-ray AGN at z∼3. To this end,
we use the catalog of C-COSMOS sources and we limit
to a sample of 252 AGN detected in the soft band, with
phot or spec-zs, when available, ≥ 2.2. In addition, we
include in the analysis 94 AGN with spec or phot-zs&2.2,
which are outside the inner region observed by Chandra
and then XMM-only detected. Then the final sample
includes a total of 346 COSMOS AGN.
The spectroscopic or photometric classification is avail-
able for each AGN on the basis of a combined X-ray
and optical classification if spectra are available, or by
the type of template that best fits the photometry of
the source. We classify as Type 1 those sources with at
least one broad (FWHM > 2000 km s−1) emission line
in their spectra or fitted with the template of an unob-
scured AGN. On the contrary, Type 2 AGN are defined
as sources showing narrow emission lines or absorption
lines only, or well fitted by an obscured AGN template.
More details on this classification method are presented
in Brusa et al. (2010) and Civano et al. (2012). Follow-
ing the criteria described above, 189/346 and 157/346
COSMOS AGN have been classified as Type 1 and Type
2 , respectively.
The intrinsic 2-10 keV rest-frame luminosity, corrected
for absorption, is known for all the XMM COSMOS
sources from the X-ray spectral analysis as described
in Mainieri et al. (2007) and Lanzuisi et al. (2013).
Unfortunately, for C-COSMOS AGN the X-ray spectral
analysis can be performed for only a few bright sources.
However, at z>2, the hardness ratio is a good measure
of the presence of high column densities and absorption.
For this reason, we use the hardness ratios known for all
the C-COSMOS sources to derive the absorption column
density and then the de-absorbed X-ray luminosities. In
detail, for each C-COSMOS AGN, we derive the rest
frame luminosity from the soft flux, assuming a power-
law model with Γ=1.8. The Galactic absorption is set
to NH,Gal=2.6×10
20 cm−2, i.e. the value in the direc-
tion of the COSMOS field (Kalberla et al. 2005). The
rest frame luminosity is then corrected for the intrinsic
absorption using the hardness ratio.
Finally, we derive the bolometric luminosities for the
entire sample of 346 COSMOS AGN using the bolomet-
ric correction kbol quoted in Lusso et al. (2012, see Table
2). In this conversion, we properly take into account the
different classification of the sources (Type 1 or Type 2)
and the band of the de-absorbed rest-frame X-ray lumi-
nosity.
As shown in Figure 1, the intrinsic bolometric luminos-
ity of the entire sample of 346 COSMOS AGN, spans ∼
3 order of magnitude, from 1044 to ∼1047 erg s−1. The
mean and the dispersion of the distribution are (45.3,
0.6) in log and in unit of erg s−1. Therefore, this sample
is dominated by moderate luminosity X-ray AGN with
a mean bolometric luminosity ∼ 2 orders of magnitude
lower than that of luminous optical quasars at similar
redshift (Shen et al. 2009). Due to the lower limiting flux
of Chandra with respect to XMM detections, the distri-
bution of bolometric luminosities of C-COSMOS AGN
peaks at lower values. The intrinsic Lbol distributions of
189 Type 1 and 157 Type 2 COSMOS AGN are shown
in Figure 2, with mean and dispersion equal to (45.47,
0.58) and (45.15, 0.58) for Type 1 and 2, respectively (in
log and units of erg s−1).
In order to evaluate the effect of using photometric red-
shifts in the clustering measurements, we also construct a
sample of 138 COSMOS AGN detected in the soft band,
with available spec-zs ≥ 2.2. The redshift and intrinsic
bolometric luminosity distributions for this sample are
shown in Figure 1 and the corresponding mean values
are quoted in Table 1. Following the spectroscopic clas-
sification, the sample has been divided onto 107 Type 1
and 31 Type 2 COSMOS AGN (see Figure 2).
3. 2PCF AND AGN BIAS FACTOR
Measurement of the two-point correlation function
(2PCF) requires the construction of a random catalog
with the same selection criteria and observational effects
as the real data. To this end, we construct a random cat-
alog where each simulated source is placed at a random
position in the sky, with flux randomly extracted from
the catalog of real source fluxes (e.g. Gilli et al. 2009, Al-
levato et al. 2011). Following this method, the simulated
source is kept in the random sample if its flux is above
the sensitivity map value at that position (Miyaji et al.
2007; Cappelluti et al. 2009). We prefer this method
with respect to the one that keeps the angular coordi-
nates unchanged as that approach has the disadvantage
of removing the contribution to the signal due to angu-
4 Allevato et al.
Fig. 1.— Redshift and intrinsic bolometric luminosity distributions of Chandra-COSMOS AGN (dashed gray histogram), XMM-only
selected AGN (filled red histogram) and of the combined catalog (solid black histogram) of 138 COSMOS AGN with known spec-zs >2.2
(upper quadrants) and of 346 COSMOS AGN with known spec or phot-zs >2.2 (lower quadrants). The empty gold histograms in the left
panels show the redshift distributions of the random catalogs obtained using a Gaussian smoothing with σ=0.2.
lar clustering. Nevertheless, Gilli et al. (2005, 2009) and
Koutoulidis et al. (2013) have shown that there is only a
small difference (∼15%) in the clustering signal derived
with the two different procedures.
The corresponding redshifts of the random objects are
assigned based on the smoothed redshift distribution of
the real AGN sample. Specifically, we assume a Gaus-
sian smoothing length σz = 0.2. This is a good com-
promise between scales that are too small, which would
suffer from local density variations, and those that are
too large, which would oversmooth the distribution. The
redshift distribution of COSMOS AGN and of the ran-
dom samples are shown in Figure 1.
We estimate the projected 2PCF function wp(rp) by
using (Davis & Peebles 1983):
wAGN (rp) = 2
∫ pimax
0
ξ(rp, pi)dpi (1)
where ξ(rp, pi) is defined in Landy & Szalay (1993, LS)
as:
ξ =
1
RR
[DD − 2DR+RR] (2)
The LS estimator is described as the ratio between AGN
pairs in the data sample and those in the random cata-
log, as a function of the projected comoving separations
between the objects (in the directions perpendicular, rp
and parallel, pi to the line-of-sight). The choice of pimax is
a compromise between having an optimal signal-to-noise
ratio and reducing the excess noise from high separations.
Usually, the optimum pimax value can be determined by
estimating wp(rp) for different values of pimax and find-
ing the value at which the 2PCF levels off. Following
this approach, we fixed pimax = 100 h
−1Mpc in estimat-
ing the 2PCF of 346 COSMOS AGN with known spec or
phot-zs. For the smaller sample of 138 COSMOS AGN
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Fig. 2.— Redshift and intrinsic bolometric luminosity distributions of Type 1 AGN (dashed blue histogram), Type 2 AGN (filled red
histogram) and of the combined catalog (solid black histogram) of 138 COSMOS AGN with known spec-zs >2.2 (upper quadrants) and of
346 COSMOS AGN with known spec or phot-zs >2.2 (lower quadrants). The mean values of the distributions are quoted in Table 1.
with available spec-zs, we set pimax = 40 h
−1Mpc. The
larger pimax adopted in the former case is due to the use
of phot-zs.
In the halo model approach (e.g. Miyaji et al. 2011,
Krumpe et al. 2012), the 2PCF is modelled as the sum of
contributions from AGN pairs within individual DMHs
(1-halo term, rp < 1 Mpc h
−1) and in different DMHs
(2-halo term, rp & 1 Mpc h
−1). The superposition of the
two terms describes the shape of the observed 2PCF. In
this context, the bias parameter b reflects the amplitude
of the AGN 2-halo term relative to the underlying DM
distribution, i.e.:
wmod(rp, z) = b
2w2−hDM (rp, z) (3)
We first estimate the DM 2-halo term at the mean red-
shift of the sample, using:
w2−hDM (rp) = rp
∫ ∞
rp
ξ2−hDM (r)rdr√
r2 − r2p
(4)
where
ξ2−hDM (r) =
1
2pi2
∫
P 2−h(k)k2
[
sin(kr)
kr
]
dk (5)
P 2−h(k) is the Fourier Transform of the linear power
spectrum, assuming a power spectrum shape parameter
Γ = 0.2 which corresponds to h = 0.7.
4. RESULTS
4.1. Bias Factors and DMH masses
The projected 2PCF function wp(rp) of 346 COSMOS
AGN is shown in the left panel of Figure 3, in the range
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Fig. 3.— Left Panel: Projected 2PCF of 346 COSMOS AGN with phot or spec-zs, when available, & 2.2 (black circles) and 138 COSMOS
AGN with known spec-zs & 2.2 (red triangles). The 1σ errors on wp(rp) are the square root of the diagonal components of the covariance
matrix, which quantifies the level of correlation between different bins. Right panel: Projected 2PCF of 189 Type 1 (blue empty circles)
and 157 Type 2 (red circles) COSMOS AGN with known spec or phot-zs & 2.2. The lines mark the AGN 2-halo term as defined in Equation
3, i.e. b2w2−h
DM
(rp), where wDM(rp) is the DM 2-halo term evaluated at the mean redshift of the samples.
TABLE 1
Properties of the AGN Samples
Sample N 〈z〉 log 〈LBOL〉 b logMh
z>2.2 erg s−1 h−1M⊙
Only spec-zs
All AGN 138 2.86 45.50 3.94+0.45
−0.46 12.36
+0.17
−0.21
Type 1 107 2.82 45.58 4.93+0.55
−0.52 12.75
+0.15
−0.16
Type 2 31 2.96 45.22 ... ...
Spec or phot-z
All AGN 346 2.8 45.32 3.85+0.21
−0.22 12.37
+0.10
−0.09
Type 1 189 2.79 45.47 5.26+0.35
−0.39 12.84
+0.10
−0.11
Type 2 157 2.81 45.15 2.69+0.62
−0.69 11.73
+0.39
−0.45
of rp = 1-30 h
−1 Mpc. The 1σ errors on wp(rp) are the
square root of the diagonal components of the covariance
matrix (Miyaji et al. 2007, Krumpe et al. 2010), which
quantifies the level of correlation between different bins.
Following Eq. 3, we derive the best-fit bias by using a
χ2 minimization technique with 1 free parameter, where
χ2 = ∆TM−1cov∆. In detail, ∆ is a vector composed of
wAGN (rp)−wmod(rp) (see Equations 1 and 3), ∆
T is its
transpose and M−1cov is the inverse of covariance matrix.
The latter is used in the fit to take into account the
correlation between errors. We find that, at 〈z〉=2.8,
COSMOS AGN have a bias of b=3.85+0.21
−0.22, where the
1σ errors correspond to ∆χ2 = 1.
We then relate the large-scale bias to a typical mass
of the hosting halos, following the bias-mass relation
b(Mh, z) defined by the ellipsoidal collapse model of Shen
et al. (2001) and the analytical approximation of van den
Bosch (2002). We find that COSMOS AGN at 〈z〉=2.8
inhabit DMHs with log Mh = 12.37
+0.10
−0.09.
Usually, phot-zs are characterized by large uncertainty.
Hickox et al. (2012) showed that, even uncertainties of
σz=0.25(1+z) cause the clustering amplitude of AGN
cross-correlated with galaxies in the Bootes field, to de-
crease by only ∼10 per cent. COSMOS AGN has the
advantage that, at z>2, σz/(1+ z) < 0.05 (Salvato et al.
2011). Hence we do not expect a significant difference
from the 2PCF derived using only spec-zs.
In order to verify this, we measure the clustering signal
for a smaller sample of 138 COSMOS AGN with available
spec-zs ≥2.2. The left panel of Figure 3 compares the
projected 2PCFs estimated with the two different AGN
samples. As expected, by using a larger AGN sample
with both phot-zs and spec-zs, we improve the statistics
and so the quality of the signal. However, we find con-
sistent bias factors, irrespective of including photometric
redshifts (see Table 1). This result suggests that the use
of a significant fraction of AGN with known phot-zs is
not affecting the result systematically. Instead, we are
improving the statistics, almost tripling the number of
AGN.
We investigate whether Type 1 COSMOS AGN are
more strongly clustered than Type 2 objects, as already
observed at low redshift (e.g. Cappelluti et al. 2010,
Allevato et al. 2011). The right panel of Fig. 3 shows
the projected 2PCF of Type 1 and Type 2 AGN with
known phot and spec-zs ≥2.2. We find that unobscured
COSMOS AGN reside in more massive halos compared
to obscured AGN. In fact, we measure a best-fit bias
equal to bunob=5.26
+0.35
−0.39 for Type 1 and bob=2.69
+0.62
−0.69
for Type 2 AGN, respectively. These bias factors corre-
spond to typical DMH masses of logMh= 12.84
+0.10
−0.11 and
logMh= 11.73
+0.39
−0.45 h
−1M⊙, respectively.
We check that the bias factor of Type 1 COSMOS AGN
does not change when limiting the analysis to a sample
of 107 unobscured sources with available spec-zs ≥2.2.
Unfortunately, we cannot test the effect of phot-zs in
measuring the 2PCF of obscured sources, given the small
number of Type 2 objects (31) with spec-zs ≥2.2. The
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Fig. 4.— Left Panel: Bias factor as a function of redshift for moderate luminosity X-ray selected (grey), Type 1 (blue) and Type 2 (red)
AGN, as derived in previous works according to the legend. The empty triangles and circles at z∼3 mark the bias factors of our sample of
moderate luminosity COSMOS AGN as estimated in this work. For comparison, the filled circles show the bias derived in Allevato et al.
(2011) at z.2.2 for XMM COSMOS AGN with similar luminosities. The dotted lines underline the expected redshift evolution of the bias
of DMHs with constant mass of 11.5, 12, 12.5, 13, 13.5 h−1 M⊙ in log scale and in unit of M⊙h−1 (from bottom to top). The bias-mass
relation is based on the ellipsoidal collapse model of Sheth et al. (2001). Right Panel: Corresponding typical DMH mass of our sample of
COSMOS AGN at z∼3, divided in Type 1 (blue) and Type 2 (red) AGN, estimated following the bias-mass relation b(Mh,z) described in
van den Bosch (2002) and Sheth et al. (2001). For comparison, the filled circles mark the redshift evolution of the typical DMH mass of
XMM COSMOS AGN at z.2.2, as derived in Allevato et al. (2011). The halo mass range is shown also for optically selected luminous
quasars (shaded region, Croom et al. 2005, Porciani et al. 2004, Myers et al. 2006, Shen et al. 2009, Ross et al. 2009, da Angela et al.
2008), and X-ray selected AGN (dotted shaded region, Gilli et al. 2005, Coil et al. 2009, Cappelluti et al. 2010, Allevato et al. 2011,
Krumpe et al. 2010, 2012, Hickox et al. 2009, Mountricas et al. 2013, Koutoulidis et al. 2012, Starikova et al. 2012).
best-fit bias factors and the corresponding typical DMH
masses for each subsample of COSMOS AGN used in this
work are shown in Table 1.
4.2. Redshift Evolution of the AGN bias
The left panel of Figure 4 shows the bias factors derived
for our sample of COSMOS AGN at z∼3, along with a
collection of values estimated in previous studies at lower
redshifts. The different lines mark the redshift evolu-
tion of the bias corresponding to different constant DMH
masses, as predicted by the ellipsoidal collapse model of
Sheth et al. (2001). The filled circles show the redshift
evolution of the bias for a comparable sample of moderate
luminosity XMM COSMOS AGN at z.2, as presented
in Allevato et al. (2011).
The right panel of Figure 4 shows the redshift evo-
lution of the corresponding typical DMH masses derived
following the bias-mass relation defined by the ellipsoidal
collapse model of Shen et al. (2001). The general pic-
ture at z.2 is that the bias of moderate luminosity X-ray
AGN increases with redshift tracing a constant group-
sized halo mass. Allevato et al. (2011) have shown
that XMM COSMOS AGN (with Lbol ∼ 10
45.2 erg s−1)
reside in DMHs with constant mass equal to logMh =
13.12±0.07 h−1 M⊙ up to z∼2 (Figure 4, filled black
points).
By contrast, at z∼3, we found that our COSMOS AGN
with similar luminosities, inhabit less massive DMHs
(Figure 4, open black points) with logMh = 12.37
+0.10
−0.09
h−1M⊙. This result is significant at the 6.2σ level.
A similar trend has been observed for both Type 1 and
Type 2 COSMOS AGN. Allevato et al. (2011) found that
unobscured AGN reside in slightly more massive halos
than obscured AGN up to z∼2.2 (logMh = 13.28±0.07
and 13.00±0.06 h−1M⊙, respectively). Instead, our re-
sults at z∼3 require, compared to z.2 results, a drop in
the halo mass to logMh = 12.84
+0.10
−0.11 (3.6σ result) and
11.73+0.39
−0.45 h
−1M⊙ (3σ result) for Type 1 and Type 2
COSMOS AGN.
5. DISCUSSION
In the following sections we will discuss our results and
we will attempt to answer the question why the redshift
evolution of the bias changes at z> 2.2.
First of all we note that the number density of 1013
h−1M⊙ mass halos tends to evolve faster beyond z∼3,
with a progressive drop in the abundance of massive (and
rarer) host halos at high redshifts. This fact alone sug-
gests a possible increase with redshift in the ratio be-
tween the BH mass and host halo mass, with a mapping
of moderate luminosity AGN in progressively less mas-
sive halos at higher redshift. Independent studies sup-
port such a type of evolution (e.g. White, Martini &
Cohn 2008, Shankar et al. 2010).
5.1. Major merger models at z ∼ 3
In this section we try to explain our clustering mea-
surements at z∼3 within hierarchical mergers scenario.
Figure 5 shows a collection of bias estimates for broad-
line optically selected SDSS quasars at z=3.2 (Shen et
al. 2009), X-ray selected AGN in the ECDFS at z=3
(Francke et al. 2008) and the results presented in this
work, as a function of Lbol. For our data points, the errors
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Fig. 5.— Bias factor as a function of bolometric luminosity for
optically selected SDSS quasars at z=3.2 (Shen et al. 2009, green
squares), X-ray selected AGN in the ECDFS at z=3 (Francke et al.
2008, green open square) and our results according to the legend.
For our data points, the errors on the Lbol axis correspond to the
dispersion of the bolometric luminosity distributions of each subset.
The continuous line shows the luminosity evolution of the bias at
z = 3, predicted with the theoretical model of Shen (2009), which
assumes a quasar phase triggered by a major merger (see the text
for more details).
on the Lbol axis correspond to the dispersion of the bolo-
metric luminosity distributions for the different subsets.
Our sample of COSMOS AGN and X-ray ECDFS AGN
with slightly lower luminosities, have consistent bias fac-
tors within 1σ. However, our estimate has significantly
smaller uncertainty, given the larger number of sources
used in the analysis. On the contrary, Shen et al. (2009)
measured a slightly higher bias (<2σ) for luminous Type
1 quasars with bolometric luminosity ∼ 2 orders of mag-
nitude higher with respect to our sample of unobscured
AGN.
The continuous line marks the predicted bias as a func-
tion of bolometric luminosity, computed according to the
framework of the growth and evolution of SMBHs pre-
sented in Shen (2009, see also Shankar 2010) at z = 3.
Their model assumes that quasar activity is triggered by
major mergers of host halos (e.g. Kauffmann & Haehnelt
2000). In addition, they assume that the resulting AGN
light curve follows a universal form with its peak lumi-
nosity correlated with the (post-)merger halo mass.
The major merger model was adapted to fully repro-
duce the optical/X-ray data at z<2-3 (Shankar et al.
2010, Allevato et al. 2011). With no additional fine-
tuning the major merger model is quite successful in pre-
dicting the bias of COSMOS AGN at z∼3 as a function of
bolometric luminosity and it is in broad agreement with
the data points. The drop in the typical DMH mass to
few times 1012 M⊙h
−1 can then be explained assuming
that, unlike z.2 XMM COSMOS AGN, COSMOS AGN
at z∼3 are triggered by galaxy major mergers.
In addition, the major merger model predicts a
luminosity-dependent bias, with more luminous AGN
inhabiting more massive DMHs. The evolution of the
bias with the bolometric luminosity traced by the data
marginally confirms this trend. It is important to note
that at lower redshifts the bolometric luminosity depen-
dence is significantly milder (e.g. Myers et al. 2006,
Shen et al. 2009) or even reversed (e.g. Allevato et al.
2011), with moderate luminosity AGN residing in more
massive DMHs with respect to luminous quasars. Such
an evolutionary trend is difficult to reconcile with AGN
triggering models, at different redshifts, based only on
major mergers (Bournaud et al. 2011, Fanidakis et al.
2013, Di Matteo et al. 2011).
In the framework of the BH growth presented in
Fanidakis et al. (2013, 2013a), our results at z∼ 3 can
be interpreted in terms of absence of interplay between
cold and hot-halo mode. In fact, they suggest the pic-
ture that, in the z∼3-4 Universe, the cold accretion mode
(accretion during disk instabilities and galaxy mergers)
is solely responsible for determining the environment of
moderate luminosity AGN, while the AGN feedback is
switched off. Our results confirm that z∼3 is the epoch
when the hot-halo mode is still a negligible fuelling chan-
nel. At lower redshifts both accretion modes have to be
taken into account. The hot halo mode becomes promi-
nent only in DM haloes with masses greater than∼ 1012.5
h−1M⊙, where AGN feedback typically operates.
5.2. Fast growing BHs at z ∼ 3
A major merger model can broadly reproduce the clus-
tering of moderate luminosity AGN at z∼3. This is be-
cause mergers are most efficient in halos of masses around
∼3×1012 M⊙, which is the typical mass scale inferred
from our direct clustering measurements. However, this
is not a proof of uniqueness of merger models as an ex-
planation of our results. Major galaxy mergers are not a
requirement for efficient fuel supply and growth, partic-
ularly for the earliest BHs. Alternatively, an early phase
of fast BH growth could be induced by cosmic cold flows
(e.g. Dekel et al. 2009, Di Matteo et al. 2012, Dubois
et al. 2012) or disk instabilities (e.g. Bournaud et al.
2012). Cold flows and disk instabilities in high redshift
disk galaxies operate on short time scales (unlike secu-
lar processes in low-z disks). In addition, they are effi-
cient, producing a mass inflow similar to a major merger
but spread over a longer period (then the duty cycle is
higher).
Different BH accretion models (e.g. Marconi et al.
2004, Merloni et al. 2008, Shankar et al. 2004,2009,2013,
Bournaud et al. 2011, Fanidakis et al. 2013, Di Matteo
et al. 2011) broadly agree that z & 2 is the epoch of
rapid growth for both low and high-mass BHs. This con-
clusion holds irrespective of uncertainties in duty cycle,
AGN luminosity functions, or even input Eddington ra-
tio distributions. Figure 6 shows the average accretion
history of different BH masses as described in Marconi
et al. (2004) and Shankar et al. (2013).
Due to the flux and volume limits of our survey, our
sample of Type 1 COSMOS AGN at z∼3 mainly includes
moderate luminosity sources with Lbol ∼ 10
45 erg s−1.
Thus, it excludes low-luminosity AGN with typical BH
mass . 106−7M⊙, or even bright quasars associated to
very massive BHs (> 108−9M⊙) and Lbol > 10
46 erg s−1.
This means that our sample of Type 1 COSMOS AGN is
possibly representative of AGN corresponding to raising
population of fast (i.e. Eddington limited) growing BHs
with masses of ∼107−8 M⊙ at z∼3.
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According to the BH accretion histories shown in Fig 6,
these fast growing ∼107−8 M⊙ mass BHs evolve in BHs
with mass of the order of ∼108.5−9 M⊙ at z=0. This pic-
ture is consistent with the fact that moderate luminosity
Type 1 AGN in zCOSMOS at z=1-2.2 (black circle in
Figure 6) have BH masses in the range MBH=10
8−9 M⊙
with Eddington ratios λ=0.01-1, as shown in Merloni et
al. (2010).
Following our results, we can argue that these fast
growing BHs at z∼3 reside in DMHs with typical mass of
∼ 1012.8 h−1M⊙, which is the mass inferred for Type 1
COSMOS AGN hosting halos. Between z∼3 and z∼2 the
typical halo mass of Type 1 COSMOS AGN increases.
The BH accretion models suggest that these AGN are
also rapidly growing their BH mass. The duty cycle and
Eddington ratio, which are close to unity at z∼3, then
decline with decreasing redshift. This leads to a strong
evolution of the number density of X-ray AGN at z&3 as
observed in COSMOS (Brusa et al. 2010, Civano et al.
2011), albeit for an AGN sample including both Type 1
and 2 objects.
The picture is completely different at z<2, where the
bias of Type 1 AGN starts to follow the constant DMH
mass track. The growth of BHs becomes more sub-
Eddington (e.g., Vittorini et al. 2005, Shankar et al.
2013, and references therein) and their mass saturates
to a constant value down to z = 0 (Figure 6). This flat
host halo mass at z.2 for X-ray AGN with moderate lu-
minosity might be due to high mass halos switching to
radio-loud, X-ray weak (< 1044 erg s−1) AGN. This lim-
its the X-ray AGN population with moderate luminosity
to halos with masses . 1013 M⊙. A plausible mecha-
nism is that AGN feedback prevents gas from cooling
in very massive halos. These radiatively inefficient, jet-
dominated outbursts may be fueled by accretion directly
from the hot gas halo and so are only possible in massive
galaxies with large hosting halos (e.g. Fanidakis et al.
2011, 2012, 2013).
The picture described above for Type 1 COSMOS
AGN representative, of new fast-growing BHs at z∼3,
may or may not be valid for Type 2 COSMOS AGN. In
fact, for the latter, we do not know the typical mass of
the central BHs at any redshift. However, it is not un-
reasonable to assume that for Type 2 AGN, the observed
redshift evolution of the bias reflects lower massive BHs
and DMH masses with respect to Type 1 AGN. Lower
massive halos are more abundant at z∼3 and are char-
acterized by a slower redshift evolution of the number
density. The increase of the fraction of obscured AGN
with redshift (e.g. Hasinger 2008, Merloni et al. 2014)
supports this scenario in which Type 1 and Type 2 ob-
jects follow different DMH mass tracks as a function of
redshift.
5.3. Type 1 vs Type 2 AGN
In this section we discuss the clustering properties of
189 Type 1 and 157 Type 2 COSMOS AGN with phot
or spec-zs, when available, & 2.2.
We find a strong indication that unobscured AGN re-
side in 10 times more massive halos (see Table 1) with
respect to obscured sources (3σ result). A difference
in clustering between obscured and unobscured quasars
rules out the simplest unified models (e.g. Urry &
Padovani 1995) in which obscuration is purely an ori-
Fig. 6.— Average accretion history of BHs of different mass M0
at z = 0 as a function of redshift. The black continuous (red dot-
ted) line marks a model with a redshift-independent (dependent)
Gaussian distribution of the Eddington ratio with a fixed radia-
tive efficiency (Shankar et al. 2013). The black dashed line shows
the growth history of BHs described in Marconi et al. (2004) with
given starting mass at z = 3 computed using the Ueda et al. (2003)
luminosity function and fixed duty cycle and radiative efficiency.
The data point shows Type 1 zCOSMOS AGN in the redshift range
1<z< 2.2 presented in Merloni et al. (2010) with BH masses in the
range MBH=10
8−9 M⊙ and Eddington ratios λ=0.01-1.
entation effect.
Type 1 and Type 2 COSMOS AGN have slightly dif-
ferent luminosities. However, the difference in the bias
factors between Type 1 and Type 2 AGN can not be ex-
plained in terms of luminosity-dependent bias predicted
by major merger models. The curve in Figure 5 pre-
dicts a milder change of bias with luminosity in the range
logLbol = 45.1− 45.5 erg s
−1.
This result would extend to z∼3 that found for z<2
Type 1 and Type 2 XMM COSMOS AGN with similar
luminosities (Allevato et al. 2011).
6. CONCLUSIONS
We use a sample of 346 moderate luminosity (〈Lbol〉 =
1045.3 erg s−1) COSMOS AGN based on Chandra and
XMM-Newton data, with known spec or phot-zs in the
range 2.2<z<6.8. Our main goal is to measure cluster-
ing amplitudes and to estimate characteristic DM halo
masses at z ∼ 3. We also obtain, for the first time at z
∼ 3, a highly significant clustering signal for Type 1 and
Type 2 COSMOS AGN. This redshift range has never
been used before to investigate the clustering of obscured
and unobscured AGN, at these luminosities. We model
the 2PCF of COSMOS AGN with the halo model, which
relates the large-scale bias to the amplitude of the AGN
2-halo term relative to the underlying DM distribution.
We translate the bias factor into a typical mass of the
hosting halos, following the bias-mass relation defined
by the ellipsoidal collapse model of Sheth et al. (2001).
Key results can be summarized as follows.
1. At z∼3 Type 1 and Type 2 COSMOS AGN inhabit
DMHs with typical mass of logMh = 12.84
+0.10
−0.11 and
11.73+0.39
−0.45 h
−1M⊙. This result requires a drop in
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the halo masses at z∼3 compared to z.2 XMM
COSMOS AGN with similar luminosities.
2. At z∼3 Type 1 COSMOS AGN reside in ∼10 times
more massive halos compared to Type 2 COSMOS
AGN, at 2.6σ level. This result extends to z∼3 that
found in COSMOS at z.2, and rules out the pic-
ture in which obscuration is purely an orientation
effect.
3. A plausible explanation of the drop in the halo
mass of COSMOS AGN might be that these mod-
erate luminosity sources at z ∼ 3 are triggered by
galaxy major mergers. In fact, major merger mod-
els are quite successful in predicting the halo mass
of COSMOS AGN and luminous SDSS quasars at z
∼ 3, with the latter inhabiting more massive halos
with respect to moderate luminosity AGN.
4. Alternatively, we can argue that, at least for Type
1 COSMOS AGN, they are possibly representative
of moderate luminosity AGN associated to an early
phase of fast (i.e. Eddington limited) BH growth
induced by, for instance, cosmic cold flows or disk
instabilities. According with BH accretion models,
these new fast growing BHs have masses of ∼ 107−8
M⊙ at z∼3 which might evolve into ∼ 10
8.5−9 M⊙
mass BHs at z=0.
5. Following our clustering measurements, we argue
that this fast BH growth at z∼3, in Type 1 AGN
with moderate luminosity, occurs in DMHs with
typical mass of ∼ 6×1012 h−1M⊙.
Improving our understanding of the AGN triggering
mechanisms at z ∼ 3 and beyond using AGN cluster-
ing measurements requires larger dataset. The COSMOS
Legacy survey (Civano et al. 2014, submitted) with 1.45
deg2 at 2×10−16 erg/cm2/s will provide the largest sur-
vey at this depth ever performed. This will let us con-
strain the faint end of the AGN luminosity function and
of the BH mass functions at z>3. This regime, which is
not otherwise sampled, will allow us to understand the
BH growth in the early universe and to study the cluster-
ing properties of ∼ 350 expected luminous quasars and
L∗ AGN at 3<z<6.
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